Carotenoid derived volatiles are important fragrance compounds, which contribute to the scents of flowers from diverse taxa. A famous example is represented by the flowers of Osmanthus fragrans where apocarotenoids account for more than 20% of all volatiles. In the recent years, bio-degradation of carotenoids has been shown to be an important route for apocarotenoids formation. Here, we report on the contribution the O. fragrans carotenoid cleavage dioxygenase 1 to the synthesis of the two predominant C 13 -apocarotenoids, α-and β-ionone, derived from α-and β-carotene, respectively.
IntRoduCtIon
The flower scent of O. fragrans, an Oleaceae native to East-Asia, is dominated by carotenoid derived compounds. β-and α-ionone are the most abundant scent constituents and importantly contribute to the scent perception of flowers of O. fragrans (Wang et al., 2009; Baldermann et al., 2010) . Commercial extracts are of economic importance due to their application in expensive cosmetics or for flavoring of foods, tea, and sweets.
Enzymatic carotenoid cleavage has been discovered in flowers, fruits, and other species and, hence, it was of special interest to elucidate its contribution to apocarotenoid biogenesis in the unique scented flowers of O. fragrans.
The carotenoid cleavage dioxygenase (CCD) subfamilies 1 and 4 (CCD1, CCD4) target 9,10 and/or 9′,10′ double bonds of C 40 -carotenoids to form important volatile C 13 -apocarotenoids. CCD1 transcript levels correlate with the emission of b-ionone in petunia flowers (Simkin et al., 2004) . CCD4 transcript levels are related to the color of chrysanthemum flowers (Ohmiya et al., 2006) and determine the color of chrysanthemum, as shown by forming white flowers upon suppression of CmCCD4 (Ohmiya et al., 2009) . CCD1 genes and enzymes have been identified and characterized in various flowers and fruits, such as petunia, R. damascena, melon, strawberry, star fruit, and tomato (listed in Walter et al., 2011) . Common characteristics of CCD1 enzymes are broad substrate specificity in vitro and the cleavage of the 9,10 and 9′,10′ double bonds. Hence, our interest was to identify and characterize a CCD1 enzyme in flowers of O. fragrans and clarify its contribution to the formation of α-and β-ionone.
MAteRIAls And MetHods
Plant material. Flowers of O. fragrans var. aurantiacus Mak. were collected at Shizuoka University ground during the flowering period in autumn 2007. Flowers in full bloom (stage 5, Baldermann et al., 2010) were used in this study.
Analysis of carotenoids. The carotenoids of the flower petals were analysed by HPLC as published previously (Baldermann et al., 2010) . Identification was achieved by co-chromatography with authentic reference substances.
Identification and sequence analysis of OfCCD1. Detailed experimental description has been published previously (Baldermann et al., 2010) . The sequences were aligned using ClustalW (http://www.genome.jp/). The evolutionary history was inferred using the NeighborJoining method and visualized by Tree View.
Expression of OfCCD1 in b-carotene accumulating cells. The cDNA was expressed in E. coli XL1Blue harboring the pACCAR plasmid that carries all genes necessary to produce β-carotene (Missawa et al., 1995) . A single colony of transformed cells was inoculated in 100 mL YT media containing chloramphenicol and carbenicillin and grown at 37°C over night. One mL overnight culture was inoculated in 100 mL of fresh YT media containing the suitable antibiotics and grown at 27°C until an OD 550 of 0.5. To this culture ITPG (0.5 mM), ascorbate (6 mM), FeSO 4 (5 µM), catalase (200 U/mL) were added to induce the production of the target enzyme and the in vivo reaction.
Expression and purification of the recombinant OfCCD1 and in vitro assay. Detailed experimental conditions have been published elsewhere (Baldermann et al., 2010) .
Analysis of volatile reaction products in the headspace of E. coli cultures accumulating β-carotene. The presence of β-ionone, the putative reaction prod- uct derived from the cleavage of β-carotene, was confirmed after solid phase micro-extraction (SPME) by gas chromatography mass spectrometry (GC-MS). A SPME fiber coated with 100 µm polymethylsiloxane (Supelco, Bellefonte, PA) was introduced into an Erlenmeyer flask containing 100 mL YT liquid culture induced for production of OfCCD1. The volatiles were collected in the headspace for 1 h at 37°C. The reaction products were analyzed by GS-MS using a capillary Suplecowax column (GL Sciences Inc., Japan, 30 m, 0.25 mm ID, 0.25 µm film thickness) using the following temperature program: initial temperature 50°C, maintained for 3 min, ramped to 190°C at 5°C/min, ramped to 240°C at 40°C/min, and held for 3 min. The mass scan range was set to m/z 50-300 and the electric potential to 1.0 kV. Helium was used as carrier gas at a flow rate of 1.7 mL/min.
Results And dIsCussIon
Yellow flowers often contain carotenoids as major pigments (Ohmiya, 2011) , and some of them are also rich in carotenoid derived volatiles.
We elucidated the carotenoid profile of flowers of O. fragrans (Fig. 1) . The two major pigments are α-and β-carotene. Carotenoids are widely distributed flower pigments and can be found in a broad variety of monocot and eudicot plants (reviewed by Ohmiya, 2011) .
Carotenoids serve as possible substrates for carotenoid cleavage enzymes. As β-and α-ionone are the abundant scent compounds emitted by flowers of O. fragrans, it was questionable if direct cleavages of the two major carotenes by CCD1 enzymes contribute to their formation. We identified and characterized a CCD1 homologue based on conserved CCD sequences (Baldermann et al., 2010) .
Sequence comparison confirmed that OfCCD1 is am member of the CCD1 family (Fig. 2) . CCD1 sequences have been identified in various flowers, among them Rosa chinensis and Petunia hybrida (Huang et al., 2009a; Simkin et al., 2004) . Separately from the CCD1 family the CCD4, CCD7, CCD8, and NCED (9-cis-epoxycaro tenoid dioxygenase) families form discrete clusters. CCD4 enzymes are correlated with flower color and produce, like CCD1 enzymes, C 13 -apocarotenoid volatiles (Huang et al., 2009b) . They have been localized in the plastids, whereas CCD1 enzymes occur in the cytosol (Bouvier et al., 2003; Rubio et al., 2008) . NCED are involved in the cleavage of 9-cis-epoxy carotenoids to form the abscisic acid precursor xanthoxin. CCD7 and CCD8 enzymes are involved in the biosynthesis of strigolactones (GomezRoldan et al., 2008; Umehara et al., 2008) .
To elucidate the enzymatic activity, the full length cDNA of OfCCD1 was cloned into fusion vectors for expression in E. coli. The function of OfCCD1 was confirmed by in in vivo and in vitro experiments (Fig. 3) . The purified recombinant OfCCD1 can utilize the two major carotenoids as substrates yielding in α-and β-ionone (Baldermann et al., 2010) . In addition, in this study, we carried out in vivo experiments using β-carotene accumulating cells. We observed clearly a bleaching of the cells 
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Arabidopsis thaliana AtNCED harboring the OfCCD1 (Fig. 3B) . Moreover, we confirmed the presence of the reaction product β-ionone in the headspace of the liquid cultures accumulating β-carotene (Fig. 3C) . The concentrations of β-ionone in the headspace of the OfCCD1 cultures were approximately ten times higher than in the control cultures only harboring the vector.
We verified the involvement of OfCCD1 in the formation of the two major scent compounds α-and β-ionone in flowers of O. fragrans.
Detailed analysis during the floral development and effect of photoperiods on transcripts, ionone emission, and carotenoid accumulation has been published elsewhere (Baldermann et al., 2010) and showed that additional studies are needed to clarify the contribution of other CCD enzymes and further biological and chemical formation pathways yielding C 13 -apocarotenoids in flowers of O. fragrans. 
